ABSTRACT: Timing of larval release by many shore crabs is cued by environmental cycles to occur during nocturnal spring ebb tides, when larvae are transported away from high densities of planktivorous fishes in the dark. However, a recent laboratory study indicated that larval release may be weakly synchronized relative to this safe period in upwelling regions, potentially increasing fish predation. We determined the timing of larval release and predation in marshes in an upwelling region by sampling plankton and fishes during flood and ebb tides on either side of high slack tide. Larval release was weakly synchronized, peaking during spring and intermediate ebb tides in twilight and darkness. Almost all larvae (99.8%) were eaten at twilight during peak release, when they likely were more visible than at night. However, larvae comprised only 4.1% of the diets of the 3 fish species that ate them. These fish species were often absent when conditions would make larvae most vulnerable to predation, and they preferred other prey to welldefended larvae. Larvae released outside the safe period were eaten more than those that were released during the safe period, providing selection for the timing of larval release. However, despite the large numbers of larvae present outside of the safe period, predation by fishes was much lower than expected. Thus, the selective effects of fish predation may be relaxed, raising the possibility that the strength of fish predation as a selective force varies among coasts and other selective forces that may affect the timing of larval release.
INTRODUCTION
Many organisms throughout the world have synchronous reproductive patterns (Ims 1990 , Adamczewska & Morris 2001 , Satake & Iwasa 2002 . Synchronous reproductive behaviors, ranging from the nocturnal release of offspring to annual large-scale migrations to breeding grounds, are believed to increase the survival of offspring (Limpus et al. 1992 , Westneat 1992 , Shapiro et al. 1993 , Richter & Cumming 2006 . In the sea, gametes and larvae are commonly released synchronously relative to diel (light -dark), tidal (high-low), tidal amplitude (spring-neap) and lunar cycles (Korringa 1947 , Johan nes 1978 , Morgan 1995 . Although diverse timing patterns have been described, many species time release to occur during nocturnal maximum amplitude tides, when they are rapidly transported under the cover of darkness by strong ebb tides away from high densities of predatory fishes in the nearshore (Johannes 1978 , Christy 1982 , Morgan 1990 , Robertson et al. 1990 , Morgan & Christy 1995 , Hovel & Morgan 1997 . This widespread timing pattern is known as 'the safe period' (Morgan et al. 2011) , because fishes eat the fewest larvae at this time (Morgan 1990 , Hovel & Morgan 1997 . Thereafter, suites of larval swimming behaviors determine whether larvae continue to disperse from parental habitats or remain nearby (Morgan 1995 , Hovel & Morgan 1997 , Morgan & Anastasia 2008 , Morgan et al. 2009 , López-Duarte et al. 2011 .
Many sedentary species that live high on the shore release larvae when they are inundated by maximum amplitude tides rather than leaving the safety of refuges to walk to the waterline, but many species that live low on the shore and are inundated daily also release larvae during spring high tides (Christy 1986 , Morgan 1995 , 1996 , Morgan & Christy 1995 , Thurman 2004 . Species that do not release larvae during the safe period are likely less vulnerable to planktivorous fishes because they are less conspicuous or possess defensive behaviors or long spines, which are effective at deterring predation by juvenile, gape-limited fishes (Morgan 1987 , 1989 , Morgan & Christy 1995 , Hovel & Morgan 1997 . Many larvae also return to settle in nearshore adult habitats during a safe period on nocturnal spring flood tides (Christy & Morgan 1998 , Paula et al. 2004 ). Thus, rather than releasing larvae synchronously to swamp predators, a wide variety of coastal species from tropical and temperate regions synchronize larval release and recruitment to occur during safe periods of diminished fish predation (Morgan & Christy 1997 , Christy & Morgan 1998 .
Although many studies have been conducted on the timing of larval release, few have been conducted in highly productive upwelling regions along the western margins of continents. The few studies that have been conducted in upwelling regions indicate that larval release around the safe period may be less synchronous, potentially increasing fish predation on newly hatched larvae (Christy 2003 , Morgan et al. 2011 . Cold temperatures from upwelled bottom waters increase development times of crab embryos to about 2 mo compared to about 2 wk in warm-temperate and tropical regions (DeCoursey 1983 , Morgan 1995 , 1996 , Morgan et al. 2011 , Kerr et al. 2012 ). Temperature exposure is more variable during low tide because of the prevalence of both fog and sun and during high tide because of prevailing upwelling-favorable winds, which weaken the warming of water approximately every 3 to 7 d (Morgan et al. 2011) . However, some species of crabs thermoregulate embryos, adjusting the timing of hatching to coincide with favorable conditions for hatchlings, as previously described for some species of reptiles and insects (Bernardo 1996 , Danks 2002 , Shine 2005 . Female crabs in warm climates with coastal upwelling can adjust the timing of mating by regulating the depth of their burrows and choosing the width of burrows during courtship to compensate for variation in development rates of embryos arising from small changes in temperature (Christy et al. 2001 , Reaney & Backwell 2007 , Christy 2011 , Kerr et al. 2012 . However, these compensatory behaviors are less effective when cold temperatures lengthen incubation periods, especially for species that live in depressions under rocks rather than in burrows (Christy 2003 , Morgan et al. 2011 ). Decapods cannot hatch at different stages of development to coincide with favorable periods, unlike some fishes and amphibians (Smyder & Martin 2002 , Warkentin 2011 . Thus, in cold upwelling regimes, the cumulative variance in temperature exposure during long incubation times reduces the probability of synchronizing larval release to closely coincide with the safe period.
Five species of intertidal crabs from the cold upwelled water along the coast of California, USA, were recently shown to have long embryonic durations and weakly synchronized larval release (Morgan et al. 2011) . That study was conducted in outdoor seawater tables in the absence of tides, and it is possible that larval release could be more synchronous in natural populations, where tides reinforce endogenous rhythms. Therefore, we conducted a field study in northern California to determine whether (1) larval release by intertidal decapod crustaceans in natural populations is weakly synchronized to the safe period, (2) fishes eat more newly hatched larvae that are released outside the safe period and (3) fishes aggregate to consume the high concentrations of larvae released outside the safe period. We also quantified fish predation on other zooplankters to determine whether they were preferred to decapod larvae.
MATERIALS AND METHODS

Study system
Studies were conducted in 2 small estuaries situated 1.5 km apart near the mouth of Tomales Bay in northern California (Fig. 1A) . The primary study site at Tom's Point Estuarine Preserve consists of a 10 m wide channel that was inundated at tide heights > 0.5 m. The secondary study site, Walker Creek, consists of a 10 m wide main channel and a 4 m wide side channel. The marshes are inundated during high tide, and broad, expansive mudflats are ex posed bayward of the marshes at low tide.
Two grapsid shore crabs are the most conspicuous decapod crustaceans that inhabit marshes along the west coast of California. Pachygrapsus crassipes ranges from the high to mid intertidal zone, and Hemi grapsus oregonensis occurs from the mid to low intertidal zone. Ghost shrimp Neotrypaea californien sis and commensal pinnotherid crabs Scleroplax granulata and Pinnixa tubicola live in burrows on intertidal mudflats. Larval morphologies determine the vulnerabilities of each species to predatory fishes ( Fig. S1 in the supplement at www.int-res.com/ articles/ suppl/m490p185_supp.pdf).
Sampling
The study was conducted in summer (2 June to 22 July 2006) during the peak reproductive season of most coastal nearshore invertebrates and fishes, when both decapod larvae and juvenile zooplankti vorous fishes were abundant. During our study in this mixed semidiurnal tidal regime (usually 2 tides but sometimes 1 tide per day), spring high tides occurred at night 3 times and at twilight once, whereas neap high tides occurred in daylight (Fig. 1B) . We sampled newly hatched larvae and fishes on 9 d: 4 d during spring tides (11 June, 10 July, 20 July and 21 July), 3 d during neap tides (2 June, 1 July and 16 July) and 2 d during intermediate tides (21 June and 6 July) (Fig. 1B) . Sampling was conducted during both high tides each day, for a total of 18 sampling trips. We sampled at 30 min intervals from 90 min before high slack tides until water had ebbed from marshes, at most 200 min later, depending on tidal amplitude. This sampling design enabled us to compare larval release and fish predation between 2 consecutive tides with different tidal amplitude and/or light level. Spring tides at night (n = 2), spring tides at twilight (n = 2), intermediate tides at twilight (n = 2) and neap tides during daylight (n = 3) were compared to the following daytime tide. (Fig. 1B) . Predictions of the timing and height of tides were obtained from Tides & Currents (ver. 2.0, Nobeltec) . Predicted light levels were obtained for San Fran cisco from the US Naval Observatory Astronomical Applications website (http://aa.usno. navy. mil/), with twilight being de fined as 90 min around sunset and sunrise.
Sampling first stage larvae over tidal, tidal amplitude and diel cycles is one of several effective approaches to determine the timing of larval release (DeCoursey 1983 , Christy 1986 , Salmon et al. 1986 , Morgan 1990 , 1995 , Hovel & Morgan 1997 . Plankton was collected using a net (30 cm diameter, 333 µm mesh) that was equipped with a flowmeter. The bridle of the net was attached to the end of a pole and walked against the tidal flow along the middle of the tidal creek for 5 min, covering most of the length of the tidal creek at Tom's Point. Three replicate tows were taken during each 30 min interval, for a total of 150 samples. Samples were preserved with 70% ethanol. Fishes were sampled concurrently with plankton to determine interspecific differences in predation on first stage larvae relative to tidal, tidal amplitude and diel cycles. We collected all fishes in the marshes during high tide by completely spanning the mouth of the tidal creek of each marsh with a beach seine (2.5 mm mesh) during the duration of ebb tide. Metal posts were placed behind the seine for reinforcement, and a heavy chain was attached to the bottom of the net to ensure that fishes did not escape under the net. After the tide had completely ebbed, fishes were stranded in a tidepool upstream from the net and were collected by hand. All fishes were placed in coolers filled with water until they were identified, counted and returned live to the estuary. During each sampling period, about 10 individuals per species, when available, were fixed in formaldehyde for gut content analysis.
In the laboratory, plankton samples were split using a Folsom splitter. Decapod larvae were identified to species and stage, and all other zooplankters were classified into broad taxonomic groups. Only first stage decapod larvae were abundant in plankton samples. Data for amphipods are reported because they were the most common prey of fishes. Standard length was recorded and stomachs were removed for 540 fishes. Only contents of foreguts were analyzed to ensure that prey were recently eaten. Polychaete and oligochaete prey were classified as annelids because we could not differentiate them in gut contents. For the same reason, we combined larvae of Hemigrapsus nudus and Hemigrapsus oregonensis, although H. oregonensis larvae were much more abundant in the plankton.
Data analysis
Plankton data were analyzed with generalized additive models (GAMs) using R (Wood 2006 , R Development Core Team 2011 to examine nonlinear relationships between continuous explanatory and response variables with a smooth function (Guisan et al. 2002) . Taxa were often absent in plankton tows, causing us to analyze the effects of environmental variables on the presence and absence of larvae. We then modeled the effects of environmental variables on larval abundance after removing the zeros (Barry & Welsh 2002) . The presence and absence of larvae of each species were modeled using a binomial distribution. Larval abundance of each species was modeled using a Gaussian distribution on log-transformed data. For both the presence/absence and abundance models, the set of explanatory variables included in each model was selected according to Akaike's information criterion (AIC). For both steps, models were developed until all factors and continuous variables were significant and the AIC was the smallest. Results for significant continuous smoothers were interpreted visually (Yee & Mitchell 1991 , Wood 2006 . Tidal amplitude and deviation from high tide were both modeled as smoothed continuous variables, while light level (daytime, twilight and nighttime) was modeled as a categorical factor. The interactions between tidal amplitude and light level and between deviation from high tide and light level were also evaluated. Models were verified to ensure that they met the assumptions of normality and homogeneity.
Temporal variation in fish abundance at Tom's Point marsh was also determined using GAMs in R. Walker Creek marsh was not included in these analyses because it was not possible to completely span the mouth of the marsh with a beach seine. Fish abundance was analyzed relative to the phases of diel and tidal amplitude cycles and the mean number of (1) amphipods, (2) all decapod crustacean larvae and (3) decapod larvae excluding pinnotherids. Amphi pods were included because they were omnipresent and a preferred prey item, and pinnotherid larvae were excluded because they were not eaten. All variables except light were modeled as smoothed continuous variables, and light was modeled as a categorical factor. GAMs were generated for each fish species, all planktivorous fishes combined and all fishes combined.
The percent occurrence of prey and feeding preferences is reported for the 11 most abundant species of fishes. Feeding preferences for each species of fish were calculated using Chesson's (1983) index of electivity, with the assumption that there was no depletion in number of planktonic prey. Values range from −1 to 1, with positive values indicating that prey were preferred, negative values indicating that prey were avoided and 0 indicating that prey types were eaten randomly. The amount of food available to the fishes was determined by calculating the mean abundance of each available prey type collected in the 3 replicate tows while fishes were seined. Feeding preferences of planktivorous fishes were analyzed by ANOVA followed by a Tukey's post-hoc test. Feeding preferences of all species combined were also ana lyzed by ANOVA. All data met assumptions of the test. Prior to analysis, Atherinops affinis was partitioned into 3 size classes (7−39, 40−79 and 80−150 mm).
RESULTS
Timing of larval release
Forty taxa were identified in plankton samples, and 9 taxa of zooplankters accounted for approximately 95% of the zooplankters in the samples (Table S1 in the Supplement at www.int-res.com/ articles/suppl/m490p185_supp.pdf). First stage larvae of Pachygrapsus crassipes and Hemigrapsus oregonensis were the most abundant zooplankters, comprising half of the zooplankters collected, at mean concentrations of 11 210 and 7821 m −3 , respectively. First stage larvae of Neotrypaea californiensis were the sixth most abundant zooplankter, comprising 5.5% of the zooplankton community, and 3 species of pinnotherid crabs (Pinnixa tubicola, Scleroplax granulata and an unidentified species) comprised only 1.75% of zooplankters. First stage larvae of other decapods were too uncommon for analysis, including 5 species of brachyuran crabs (Carcinus maenus, Hemigrapsus nudus, Lopho panopeus bellus, Pugettia producta and a second unidentified pinnotherid), 2 taxa of anomuran crabs (Pagurus spp. and Emerita analoga) and caridean shrimp. Five common taxa of demersal zooplankters (amphipods, ostracods, cuma ceans, harpacticoid copepods and bivalves) comprised 37.3% of zooplankters, whereas calanoid copepods unexpectedly comprised only 3.65% of zooplankters.
Amphipods, like other demersal zooplankters (data not shown), were abundant whenever the marsh was inundated (Fig. S2 in the Supplement). The presence of larvae of each of the 6 most common decapod species (Pachygrapsus crassipes, Hemigrapsus oregonensis, Neotrypaea californiensis, Pinnixa tubicola, Scleroplax granulata and an unidentified pinnotherid herein referred to as Pinnotherid A) in the plankton was not significantly influenced by any of the 3 environmental cycles analyzed (tidal amplitude, tidal or diel) in the GAMs, because larvae were present during all sampling trips. In contrast, larval abundance of P. crassipes, H. oregonensis and N. californiensis peaked near high slack, spring and intermediate tides during twilight and darkness (Fig. S3 in the Supplement, Table 1 ). The difference between results with and without zeros in the data arose because larvae collected in the daytime were present near twilight. The following results are for larval abundance including zeros (Figs. S3 & S4 in the Supplement), and model structures and statistical results are for larval abundance excluding zeros (Fig. 2 , Table 1 ).
Visual interpretation of the continuous smoothers generated by the GAMs demonstrated that larval release by Pachygrapsus crassipes peaked at twilight during spring tides within 30 min after high slack tide ( Fig. 2A−C) . The GAMs explained 44.2% of the variation in larval abundance by including the diel and tidal cycles as well as the interaction between tidal amplitude and diel cycles ( Fig. 2A−C, Fig. S3 in the Supplement, Table 1 ). After removing samples in which larvae were absent, the model revealed that larvae were most abundant at night and twilight but were common during the daytime (Table 1) Table 1 ). When considering the interaction with the diel cycle, larval abundance peaked at twilight on spring tides, whereas it peaked at night followed by twilight and daytime during intermediate amplitude tides and showed the opposite pattern during neap tides (Fig. S3 in the supplement) . Modeled larval abundance increased with tidal amplitude until it peaked at 1.5 m during twilight and darkness; there was no effect of tidal amplitude during daytime ( Fig. 2A,B , Table 1 ). Model results demonstrate that larvae occurred from late flood through late ebb tide but peaked within 30 min after high slack tide, with no effect of diel cycle (Fig. 2C, Fig. S3 in the Supplement, Table 1 ).
Larval release by Hemigrapsus oregonensis was similar to that by Pachygrapsus crassipes, peaking 30 to 60 min after high slack tide at intermediate amplitudes in darkness closely followed by maximum amplitude tides in twilight (Fig. 2D−F) . The GAMs explained 45.1% of the variation in larval abundance by including the diel and tidal cycles together with the interaction between tidal amplitude and diel cycles (Fig. 2D−F, Fig. S3 in the Supplement, Table 1 ). Larvae were most abundant at night and twilight and were about 1.5 to 2 orders of magnitude less abundant during the daytime (Fig. S3 in the Supplement, Table 1 ). Larval abundance was greatest during intermediate tides and spring tides and lowest during neap tides, when the dominant high tide occurred in daylight (Fig. 2D,E, Fig. S3 in the Supplement, Table 1 ). When considering the interaction with the diel cycle, larval abundance peaked at twilight on spring tides, whereas it peaked at night followed by twilight and daytime during intermediate amplitude tides and showed the opposite pattern during neap tides (Fig. S3 in the Supplement). Mod-eled larval abundance was greatest during twilight and night, increasing linearly with tidal amplitude to 2.2 m during twilight and peaking about 1.4 m in darkness (Fig. 2D,E, Table 1 ). Larvae occurred from late flood through late ebb tide but peaked 30 to 60 min after high slack tide, especially during intermediate amplitude tides, with no effect of diel cycle (Fig. 2F, Fig. S3 in the Supplement, Table 1 ).
Larval release by Neotrypaea californiensis was greatest in twilight during maximum and intermediate amplitude tides within 30 to 60 min after high slack tide. The GAMs explained 53.1% of the variation in larval abundance by including the diel and tidal cycles together with the interaction between tidal amplitude and diel cycles (Fig. 2G−I, Fig. S3 in the Supplement, Table 1 ). Larvae were most abundant during twilight followed by darkness and were 1 order of magnitude less abundant during daylight (Fig. S3 in the Supplement, Table 1 ). The difference between results with and without zeros in the data arose because larvae collected at night were present near twilight. Larvae were most abundant during spring and intermediate tides and were least abundant during neap tides, when dominant high tides occurred during the daytime (Fig. 1B, Fig. S3 in the Supplement). When considering the interaction with the diel cycle, larval abundance peaked at twilight followed by night and daytime on spring and intermediate tides, whereas it peaked at night followed by twilight and daytime during neap tides (Fig. S3 in the Supplement). Modeled larval abundance peaked at tidal amplitudes over 1.5 m during twilight and 1.3 m during darkness, with no effect of tidal amplitude during daylight (Fig. 2G,H, Fig. S3 in the Supplement, Table 1 ). Larvae were abundant from flood tide to 30 to 60 min after high slack tide, when abundance declined (Fig. 2I, Fig. S3 Larval abundances of the 3 species of pinnotherid crabs relative to environmental cycles differed from the previous 3 species, appearing to be more abundant during the daytime, during lower amplitude tides and across the tidal cycle; however, the models failed to distinguish many trends observed when zeros were incorporated into the abundance data (Fig. S4 in the Supplement). Overall, Scleroplax granulata larvae tended to be more abundant during spring tides followed by intermediate and neap tides, twilight and daylight rather than darkness and throughout flood and ebb tides ( 
Models for (A−C) Pachygrapsus crassipes, (D−F) Hemigrapsus oregonensis and (G−I)
Neotrypaea californiensis show the effect of (A,D,G) tidal amplitude at twilight, (B,E,H) tidal amplitude at night and (C,F,I) deviation from high slack tide. Models for Pinnixa tubicola show the effect of (J) tidal amplitude (without light level) and (K) deviation from high slack tide. (L) Model for Pinnotherid A shows the effect of tidal amplitude (without light level). Ticks on the horizontal axis represent times that data were collected, and dashed lines represent 95% confidence intervals plement). After removing samples in which larvae were absent, the model revealed that larvae were most abundant during the daytime and twilight, and there were no significant effects of tidal amplitude or deviation from high tide (Fig. S4 in the Supplement, Table 1 ). Larvae were abundant throughout tidal and tidal amplitude cycles, with only 5.4% of the variation explained by the 3 environmental cycles in the GAMs (Fig. S4 in the Supplement, Table 1 ). Pinnixa tubicola larvae tended to be more abundant during intermediate and neap tides than spring tides, during twilight and daylight rather than darkness and throughout flood and ebb tides (Fig. S4 in the Supplement). After removing samples in which larvae were absent, the model revealed that larvae were most abundant during twilight and daylight, decreased linearly with increasing tidal amplitude and peaked 50 min after high slack tide; there were no significant interactions between light and tidal amplitude or deviation from high tide (Fig. 2J ,K, Fig. S4 in the Supplement, Table 1 ). The 3 environmental cycles explained 35% of the variation in larval abundance (Table 1) .
Larvae of Pinnotherid A tended to be most abundant during neap tides at twilight and during flood tides (Fig. S4 in the Supplement). After removing samples in which larvae were absent, the model revealed that larvae peaked at 1 m, which explained 7.9% of the variation in the model (Fig. 2L, Fig. S4 in the Supplement, Table 1 ).
Fish predation
We collected all fishes that occurred in Tom's Point marsh during high tide. A total of 13 species were caught, and most of them were small planktivorous fishes (Table S2 in the Supplement). Topsmelt Athe rinops affinis was most common (46.8%), northern anchovy Engraulis mordax was second (26.5%) and three-spined stickleback Gasterosteus aculeatus was third (9.1%), comprising 82.4% of fishes caught. Fish abundances did not vary consistently with tidal amplitude or diel cycles (Fig. 3) , and all model structures (prey abundance, tidal amplitude and light level) for fish abundance were not significant (data not shown). However, most fishes entered the marsh during twilight high tides (61.7%), and fewer of them were present during nighttime (19.5%) and daytime (18.8%).
The 9 species (and 3 size classes of Atherinops affinis) of fishes primarily ate demersal crustaceans (amphipods, harpacticoid copepods and ostracods), and sediment was common in stomachs; few of them ate decapod larvae even though these larvae composed 54.7% of the zooplankton community (Fig. 4, Table S3 in the Supplement). Three fishes ate Neotrypaea californiensis larvae, which comprised small percentages of the total number of prey eaten: Engraulis mordax (8.7%), small A. affinis (2.6%) and Gasterosteus aculeatus (2.0%). These fishes preferred demersal crustaceans and strongly avoided eating N. californiensis (Table S3 in the Supplement).
In the 3 species of fishes that ate decapod larvae, more prey was consumed during twilight and night than during the day (Fig. 5) . Gasterosteus aculeatus and Engraulis mordax consumed most zooplankton at night followed by twilight and day; E. mordax was not even present in the marsh during the daytime. Large and mid size classes of Atherinops affinis consumed most prey almost entirely at twilight, and small A. affinis ate much more at twilight and night than during the day. The other 6 species also primarily fed during twilight and night, although sample sizes were low (data not shown).
Few larvae were consumed during nocturnal maximum amplitude ebb tides. Most Neotrypaea californi ensis larvae were eaten during neap and intermediate amplitude tides at twilight, although demersal zooplankton were preferred (Fig. 6A,B) . Gasterosteus aculeatus consumed 5 N. californiensis larvae (0.5% of the diet), and small Atherinops affinis consumed 21 larvae (2.7% of the diet). Engraulis mordax consumed 554 N. californiensis larvae, comprising 32.3% of the diet. Three species of fishes consumed Number of fishes Tide height (m) Fig. 3 . Number of fishes in Tom's Point marsh in Tomales Bay, California, USA, during daytime (white bars), twilight (gray bars) and nighttime (black bars) high tides. See Fig. 1 for details Pachygrapsus crassipes. Only 1 E. mordax and 1 large A. affinis each ate a single P. crassipes larva, but mid-size A. affinis ate 909 P. crassipes larvae, comprising 28.6% of the diet. Mid-size A. affinis also ate 43 Hemigrapsus spp. larvae (9.2% of the diet) and were the only fish species to do so. Together, P. crassipes and Hemigrapsus spp. comprised 37.8% of the diet of mid-size A. affinis, and these larvae were eaten only during twilight spring tides when they were preferred (electivity = 0.30) to other prey items (p = 0.055); however, fish were not collected during intermediate amplitude tides, twilight neap tides and daytime spring tides (Fig. 6C,D) . Pinnotherid larvae were not eaten, but they were uncommon, comprising only 1.75% of zooplankters (Fig. 4 , Table S1 in the Supplement). Overall, decapod larvae comprised 4.1% of the diets of 3 of 11 fishes (including all size classes of A. affinis), and these fishes avoided eating them (mean electivity for the 3 species = −0.77). 
DISCUSSION
Timing of larval release
Larval release by 3 species (Pachygrapsus crassipes, Hemigrapsus oregonensis and Neotrypaea californiensis) in this strong, persistent upwelling region peaked during the safe period (nocturnal maximum amplitude ebb tides) but was weakly synchronous. The 3 environmental cycles (light, tidal amplitude and time from high tide) explained only 44.2 to 53.1% of the variation in the timing of larval release, which most frequently occurred (1) during larger amplitude tides, (2) during low light levels (twilight and darkness) and (3) following high tide. However, analyses could not explain the presence and absence of larvae; larvae were present for all 3 environmental cycles. Larval release outside the safe period is risky because the higher of the 2 high tides each day occurs at twilight during intermediate amplitude tides and in daylight during neap tides. As expected, larval release by the high intertidal species (P. crassipes) coincided most closely with the safe period, peaking during spring tides within 30 min of high slack tides at twilight rather than night. By being inundated more days of the month, the 2 species living lower on the shore were less constrained to release larvae during the safe period, with peak release occurring during intermediate rather than spring tides and 30 min later during ebb tides at twilight rather than night. Thus, peak larval release by the high intertidal species was offset from the safe period by the diel cycle, and it was offset by all 3 environmental cycles for species living lower on the shore, potentially resulting in less effective transport of larvae into deeper waters (where there are fewer fish predators) when larvae are more visible to predatory fishes (Morgan & Christy 1994 , Morgan 1996 , Hovel & Morgan 1997 .
Larval release by the 3 species of pinnotherid crabs in the low intertidal zone was the least synchronous, often occurring during the daytime on lower amplitude tides and flood tides. In contrast to Pachygrapsus crassipes, Hemigrapsus oregonensis and Neo trypaea californiensis, larval abundances of the pinnotherids may not accurately reflect the timing of larval release, because 2 of the 3 low intertidal crabs did not release larvae during ebb tides, as is typical worldwide (Morgan 1995 , Thurman 2004 . First stage pinnotherid larvae could have been transported back into marshes by flood tides, obscuring larval release patterns. The larvae of pinnotherids are often retained in the estuary because they occur deeper in the water column than larvae of other species, slowing seaward transport and increasing re tention in estuaries (Hsueh 2002 , Morgan & Fisher 2010 . However, we cannot eliminate the possibility that the timing of larval release by these commensal crabs was displaced from the safe period by rhythmic activity of suspension-feeding hosts.
The weak synchrony in cold upwelling regimes may be due to the extended incubation times of externally brooded embryos that were exposed to increased cumulative variance in temperature (Backwell & Passmore 1996 , Christy 2003 , Morgan et al. 2011 , similar to spring in warm-temperate zones, when temperature is more variable (Wheeler 1978, 194 Dollard 1980 , Christy 1982 . Crabs were unable to effectively regulate the thermal environment of embryos, as they do in warm upwelling regimes, because cold temperatures greatly increase incubation times, exposing broods to more temperature variation (Christy 2003 , Morgan et al. 2011 ).
The safe period does occur in mixed semidiurnal tidal regimes, and therefore weak synchrony cannot be explained by the absence of time when larvae can be safely released (Morgan & Christy 1994 , Morgan 1996 , Kellmeyer & Salmon 2001 , Weaver & Salmon 2002 , Morgan et al. 2011 . Nor can it be explained by imprecision introduced by inferring synchrony in hatching from larval abundances in the plankton, because relatively few first stage larvae of species that develop offshore are swept back into marshes during flood tides (Hovel & Morgan 1997) . The high intertidal species are rapidly transported from bays and estuaries onto the continental shelf, so that few first stage larvae are present during subsequent flood tides to obscure hatching patterns (Morgan et al. 2009 , Morgan & Fisher 2010 , Breckenridge & Bollens 2011 . Moreover, peak larval release by Pachygrapsus crassipes occurred at the same time as it did in a complementary field experiment in which ovigerous crabs were held in a mesocosm near adult populations, and the total amount of hatched larvae were sampled every 30 min during high tides for a month (L. K. Rasmuson et al. unpubl. data) . Unlike larvae, demersal zooplankters were abundant throughout the 3 environmental cycles and were consistently available to predatory fishes.
Fish predation
Decapod larvae were expected to be most abundant in fish diets away from the safe period during peak release on intermediate amplitude tides at twilight, when larvae were more visible and less effectively transported from marshes toward the sea. Indeed, larvae were almost entirely eaten (99.8%) at twilight during peak release, when they were more visible than at night. Atherinops affinis, Engraulis mordax and Gasterosteus aculeatus all consumed decapod larvae, and mid-size A. affinis ate many of them (37.8% of diet). Even though larvae often were not released at the safest time, they comprised only 4.1% of the diets of these fishes and a far smaller percentage than were available in the plankton (electivity = −0.77). Fishes characteristically preferred demersal zooplankton (Loukashkin 1970 , Worgan & FitzGerald 1981 , Barry et al. 1996 .
We were initially surprised that fishes did not eat many decapod larvae during the daytime, because larvae were present and most visible then. However, on closer inspection, the results make sense because fish predators were frequently absent during daylight tides. Engraulis mordax were only present at night, and the only size class of Atherinops affinis to eat many decapod larvae usually were also absent during the day. Only 4 mid-size A. affinis were caught during the daytime, and they were caught during a neap tide, when the fewest larvae were present. Small A. affinis and Gasterosteus aculeatus were present during the daytime, but they may simply prefer more abundant demersal zooplankton to well-defended decapod larvae. They did not prey on larvae at all during the daytime, and they strongly avoided them during twilight, when larvae were more abundant. Fishes did not migrate into marshes on flood tides to exploit the high concentrations of decapod larvae released outside the safe period, which is to be expected given that all but mid-size A. affinis preferred other prey.
Pinnotherid larvae were not eaten by fishes even though they were most abundant when they would be easily seen. Larvae may have escaped predation because fishes that ate decapod larvae primarily fed at twilight and night. The long pair of posteriolateral spines and being uncommon (only 1.75% of the zooplankton community) also may have contributed to the lack of predation on pinnotherid larvae. We cannot rule out that these larvae were chemically defended. A pinnotherid crab (Pinno theres ostrium) is the only known species of decapod with chemically defended larvae, although chemical defense may substitute for the absence of larval spines in this species (Luckenbach & Orth 1990) .
Estuarine fishes outside upwelling regions also mostly consume demersal zooplankton and much prefer them to well-defended decapod larvae (Morgan 1990) . On the Atlantic and Gulf coasts of the USA, similar planktivores (Anchoa mitchilli, Menidia menidia and Fundulus heteroclitus) ate numbers of decapod larvae comparable to Engraulis mordax and Atherinops affinis in our study. Larvae of confamilial shore crabs Sesarma cinereum and S. reticulatum and shrimp Palaemonetes pugio were avoided as much on the Atlantic and Gulf coasts (Kneib 1984 , Heck et al. 2001 , as were morphologically similar larvae in the present study. On the Atlantic and Gulf coasts, only small fiddler crab Uca spp. larvae composed a substantial component of the diets of A. mitchilli and M. menidia, and they were eaten by all sizes of these fishes (Morgan 1990 ). Similar larvae do not occur in our study system for comparison, and, consequently, predation on larvae released outside the safe period was much less than was initially expected. Thus, the vulnerability of morphologically similar decapod larvae is comparable among coasts, even though larvae were released at times that were expected to be riskier on the west coast.
CONCLUSION
Many larvae were released outside the safe period, and fish predation was greater on decapod larvae that were released in twilight than darkness. However, larvae did not comprise a substantial portion of the diets of the 2 dominant species of fishes for 2 reasons. First, Engraulis mordax and the only size class of Atherinops affinis to prey on larvae in substantial numbers usually were absent from marshes when larvae were most vulnerable to predation. Second, larvae of the decapod species that inhabit marshes are sufficiently well defended that fishes preferred other prey. Additional sampling is required to determine the temporal use and diets of E. mordax and A. affinis in marshes to determine whether our results are typical. If so, mistiming larval release may not greatly increase predation on larvae of these deca pods, possibly explaining why females did not delay larval release in the presence of predatory fishes (L. K. Rasmuson et al. unpubl.) . Even so, larvae released outside the safe period would be eaten more than those that were released during the safe period, providing selection for the timing of larval release. Thus, the selective effects of fish predation may be relaxed, raising the possibility that the strength of fish predation as a selective force varies among coasts.
A key difference in marshes on the 3 coasts of the USA is that fishes are much more abundant at twilight than during the daytime or night in marshes on the west coast, whereas they are abundant throughout the day on the east and Gulf coasts (Morgan 1990 , Hovel & Morgan 1997 . Nocturnal and diurnal fish communities may change at twilight, reducing predation, as occurs in kelp forests on the west coast and on coral reefs (Hobson & Chess 1976 , Hobson et al. 1981 . Fishes may enter shallow marshes to forage during twilight high tides for the same reason: the assemblage of piscivores fishes (Table S3 in the Supplement) and birds (herons and egrets) in the marsh may turn over at twilight. Moreover, marine and freshwater fishes undertake ontogenetic migrations from vegetated nursery habitats to open waters after they are better able to fend for themselves and escape predators (Weinstein 1979 , Werner & Hall 1988 . Small juvenile fishes evidently are orders of magnitude more abundant in marshes on the east and Gulf coasts than the west coast, and juvenile fishes are exclusively zooplanktivorous regardless of their dietary preferences as adults (Lazzaro 1987 , Morgan 1990 ). Predatory shrimp and juvenile crabs Callinectes sapidus are also much more abundant in marshes on the east and Gulf coasts (Kneib 1984 , Heck et al. 2001 , and they prey on crab larvae (Morgan 1992, S. G. Morgan & S. T. Miller unpubl.) . Fishes and shrimps attain densities over 5000 individuals m −2 during low tide (Kneib 1984) and would decimate newly hatched larvae that were not transported to deeper waters during the safe period (Morgan 1990, Morgan & Christy 1995 , Hovel & Morgan 1997 ). Thus, a much stronger predation gradient occurs on the east and Gulf coasts than the west coast because of different abundances and species compositions of fishes and crustaceans and fundamental differences in the life histories of the dominant planktivorous fishes inhabiting marshes on the 3 coasts, which occur in different families (Gasterosteidae vs. Fundulidae), subfamilies (Atherinopsinae vs. Menidiinae) or genera (Engraulis vs. Anchoa). 
